1. Seven patients who had suffered unilateral leg fracture were studied after removal of immobilizing plaster casts.
Introduction
Atrophy of the affected limb and loss of muscle power follows bone fracture and subsequent immobilization. Years of experience have enabled the rehabilitation professions to develop empirical programmes to reverse these changes. However, the efficacy of such programmes may be further improved if we can increase our understanding of the atrophic response to disuse in human muscle.
Recent studies showed that 15 weeks immobilization in a long-leg plaster cast after fracture reduced the fat-free volume of the affected leg by 12%, which was accompanied by a similar fall in the maximum oxygen uptake ( ~oz,,,,=.) achieved with oneleg pedalling (Davies & Sargeant, 1975a,b) . However, it was not known how far these changes in gross structure and function were reflected at a cellular level within the affected muscles.
Since the work of pedalling is performed mainly by the leg extensors (A. J. Sargeant & C. T. M. Davies, unpublished work) needle biopsy was used (Edwards, Maunder, Lewis & Pearse, 1973) to study fibre atrophy in the quadriceps femoris muscle and to compare this with measurements of the gross leg volume and maximal oxygen uptake of patients recovering from unilateral leg fracture.
M e t h o d s
The patients, seven otherwise healthy young servicemen, had tibia and fibula fractures of one leg, treated by immobilization of the injured limb in a long leg plaster, for a mean period of 131 days (range 53-213 days). Our measurements were made from 0 to 42 days after effective mobilization (calculated from the time the patients were assessed as being weightbearing on the affected leg after removal of the plaster). We also studied eight healthy male subjects who had no recent leg injuries. All subjects, both normal and patients, were volunteers and gave their free informed consent.
The investigation and the techniques involved were approved by the Research and Ethics Committee of the Royal Post-graduate Medical School, Hammersmith Hospital.
The volume of each leg (muscle plus bone) was determined anthropometrically (Davies & Sargeant, 197%) . The estimation of the maximum oxygen uptake ( vozmar.) in one-leg cycling has been described in detail (Davies & Sargeant, 1975a) . The subjects pedalled a fixed-wheel stationary bicycle ergometer in a continuous progressive test spanning the subjects' working capacity from zero up to maximum in four or five work loads each lasting 5 min. ~o,,.. . was measured by the Douglas bag technique over the last minute of the final 3 min of work as the subject was encouraged to pedal at maximal effort. If this could be sustained the load was increased and Vo2 measurements were repeated. Owing to the difficulty of obtaining maximal measurements in one-leg exercise which meet the 'plateau' criterion developed for two-leg exercise, it was sometimes necessary to take duplicate measurements on subsequent days. Vo2mar. was expressed after subtracting the voz during pedalling at a constant speed against zero load (Hill, 1965; Whipp & Wasserman, 1969) .
Needle biopsies were taken from the lateral part of the quadriceps muscle at the junction of the distal and middle thirds of the thigh, with a Bergstrom needle inserted through a 4 mm skin incision (Bergstrom 1962 (Bergstrom , 1975 Edwards, 1971) . The biopsy was prepared as previously described (Edwards et al., 1973) . Transverse 10 lcm frozen sections were stained for myosin adenosine triphosphatase activity at pH 9.4 and after preincubation at pH 4.3 (Hayashi & Friemau, 1966; Brooke & Kaiser, 1969) to identify type I and type I1 muscle fibres. The relative frequency of the two fibre types was counted in each biopsy and the mean crosssectional area of each type of fibre calculated from measurement of the 'lesser fibre diameter' in 50-100 fibres (Dubowitz & Brooke, 1974) , to give the overall mean cross-sectional fibre area for each biopsy.
Results
Mean results _+SD are given.
Leg volume and oxygen uptake
After immobilization the total leg volume (which is muscle plus bone) measured anthropometrically was on average 12% less in the injured (5.68 _+ 1.05 I) compared with the uninjured (6.43 20.87 1) leg. The loss was similar in both upper and lower leg measurements ( Table 1 ).
The Vozmax. achieved in one-leg cycling was also reduced from 1.89k0.21 I/min in the uninjured to 1.57 f 0.1 8 l/rnin in the injured leg. All values of except in subject no. 3, fell within the limits for the relationship leg vol./ ~o z m a x .
previously reported (Davies & Sargeant, 1975a) , for both injured and uninjured legs ( Fig. 1) .
Changes in muscle fibres
The frequencies of type I and type I1 fibres (mean 61 and 39fIO% respectively) are not significantly different between the injured and uninjured legs. Both type I and type I1 fibres of the injured leg show a significant (P<O.Ol) and similar reduction in the mean crosssectional area, when compared with the uninjured leg, type I fibres being reduced from 3410f530 pmZ in the uninjured to 1840+410 pm2 in the injured leg, and type I1 fibres from 3810 f 9 4 0 pm2 to 2390 f 9 1 0 pm2. A combined mean fibre area calculated for each leg, taking into account the frequency and mean area of both fibre types, shows on average a reduction of 42%, from 3570 & 630 pmz in the uninjured to 2080f550 pm2 in the injured leg (Fig. 2) . The degree of atrophy, as indicated by the mean fibre area, was correlated (r =0.82, P<O.OS) with the length of time (from 0 to 42 days) that the patients had been weight-bearing (Fig. 3) .
The percentage reduction in mean fibre area of the injured leg is proportionally greater than is indicated by anthropometric assessment of leg volume (Fig. 4) . Similarly, since volma..
is related to leg volume (Fig. 1) the reduction in mean fibre area is also proportionally greater than the reduction of vo2max. when the injured leg is compared with the uninjured (Table 1) .
Discussion
The atrophic response of human muscle to disuse is a common clinical observation, but there are surprisingly few data available on the functional and structural implications of disuse atrophy in man. In recent investigations (Davies & Sargeant, 1975a, b, c) aspects of disuse atrophy were examined in patients who had had one leg immobilized in a plaster cast after unilateral leg fracture. This enabled direct comparisons between the injured and the uninjured legs after a known period of im-mobilization and muscle disuse. By the same method we have made direct comparisons of the changes in the muscle fibres. Unlike earlier studies on disuse atrophy, where the biopsy samples were taken at the time of surgical intervention in an affected limb (Patel, Razzak & Dastur, 1969; Edstrom, 1970) , by use of percutaneous needle biopsy we obtained samples from both affected and unaffected limbs.
The changes in both VO~,,,.~. of one-leg exercise and leg volume (muscle plus bone) in our patients (Fig. 1) confirm the previous findings, a fall of approximately 15% in both variables being indicated when the injured is compared with the uninjured leg.
The frequency and size of muscle fibre types in the patients' uninjured leg were similar to those for the healthy male control subjects. There was no systematic difference in the frequency of fibre types between the two legs in the patients, and the variation was no greater than found in bilateral samples from the normal control subjects. The cross-sectional areas of both fibre types were significantly reduced in the injured legs of all the patients when compared with their own uninjured legs (Table  1, Fig. 2 ). In six of the seven cases, type I fibres showed relatively greater atrophy than type I1 fibres; thus the mean reduction in type I fibres was 46% compared with 37% in type I1 fibres. Edstrom (1970) observed a similar tendency for red muscle fibres to atrophy more than white. However, he studied patients with long-term ( N 2 years) knee-joint dysfunction who cannot be considered comparable with our patients.
These findings differ from the predominantly type I1 fibre atrophy in the muscle of patients with a variety of non-muscular disorders, e.g. osteomalacia, chronic alcoholism, corticosteroid overdose etc. (Dubowitz & Brooke, 1974) .
The suggestion, therefore, that type I1 fibre atrophy in these conditions may merely reflect their reduced habitual activity with relative disuse, due to pain or to general ill-health, may be open to question. We obtained biopsies from 0 to 42 days after the patients started weight-bearing, and were able effectively to exercise the atrophied limb. Not surprisingly we found a significant correlation (Fig. 3) between the overall degree of fibre atrophy and the time that the patients had been weight-bearing. However, our study includes patients with periods of preceding immobilization ranging from 53 to 213 days, and more, particularly longitudinal, information is needed on the timecourse of the recovery process.
The measurements of cross-sectional area of individual fibres indicate that atrophy in the quadriceps muscle is much greater than would be suspected from measurements of either the total leg or thigh volume (Fig. 4) , and might imply that when thigh volume was reduced by approximately 50% fibre area would be zero.
Part of this discrepancy may be accounted for by the proportion of noncontractile tissue, but this clearly cannot account for 50% of the leg (muscle plus bone) volume since correction has already been made for the subcutaneous fat, and bone accounts for only about 11% of muscle plus bone volume in the leg (Davies & Sargeant, 1975~) .
More importantly, immobilization of the knee in a long leg plaster may produce greater atrophy of the quadriceps muscle than of the other thigh muscles. Also the deep muscle site of biopsy in these patients may not be typical of the whole of the quadriceps under these conditions, although the few available studies (Johnson, Polgar, Weightman & Appleton, 1973; Harris, Hultman & Nordesjo, 1974) suggest that the normal quadriceps in man are relatively homogeneous both structurally and functionally.
A 17% reduction of the Vo2 ,,,... achieved in one-leg exercise with the injured leg is associated with the change in leg volume. This again contrasts with the greater reduction in mean fibre area, suggesting that the functional effect of immobilization may be obscured by metabolic activity of other muscles or other regions of the quadriceps in one-leg cycling. However, in a similar group of patients performing one-leg cycling the pattern of forces applied to the cranks with the injured leg was the same as with the uninjured leg (A. J. Sargeant & C. T. M. Davies, unpublished work) . This argues against the view that there is markedly greater atrophy (as indicated by the mean fibre area) in the quadriceps as compared with other leg muscles, since it would be surprising if substitution of the hamstrings or gluteal muscles for the quadriceps did not affect the pattern of force application in cycling. Further studies are needed to study any regional differences in structure and function within the quadriceps, as well as between these and other muscle groups after immobilization.
In conclusion, there is a large degree of fibre atrophy in the quadriceps femoris resulting from disuse after immobilization, and this affects both fibre types. Atrophy is greater than gross measurements of leg volume or function would suggest, possibly because there is relatively less atrophy either in the other thigh muscles, or in other regions of the quadriceps femoris. The nature and functional implications of this differential atrophy require further investigation.
